The miscibility of Hydroxypropyl cellulose (HPC)/poly(ethylene glycol) (PEG) blends over an extended range of concentrations in water. The viscosity, ultrasonic velocity, and refractive index of the above blend solutions have been measured at 30
Introduction
Usage of blended polymers is the most effective way to produce new multipurpose materials. During the past few years, researchers have paid considerable attention to the study of polymer blending [1] [2] [3] .
A combination of synthetic and natural polymers results in new materials, which have specific properties of synthetic components (good mechanical properties, easy possibilities, low production, and transformation costs) and biocompatibility nature of biopolymers [4, 5] . These blends have already been utilized as biodegradable biomaterials [6] , drug delivery systems [7] , membranes [8] , materials for agricultural applications [9] , and so forth.
Blending of polymers is one of the simplest methods to obtain a variety of physical and chemical properties from the constituent polymers at a molecular level. The gain in newer properties depends on the degree of compatibility or miscibility of the polymers. There have been number of techniques to study the miscibility of polymer blends such as FTIR, DSC, X-RD, and SEM. Most of these techniques may be complicated, costly, and time consuming. Chee [10] and Sun et al. [11] suggested viscometry for the study of the polymerpolymer miscibility. Palladhi and Singh [12, 13] showed that the variation of ultrasonic velocity and viscosity with blend composition is linear for miscible and nonlinear for immiscible blends.
Hydroxypropyl cellulose (HPC) is a cellulose derivative employed as coatings, excipients, encapsulations, binding materials, foaming agents, protection colloids, flocculants, and so forth, for a wide variety of applications in food, drugs, paper, ceramics, plastics, and so forth [14] . Hydroxypropyl cellulose films are used as a food additive, HPC is used as a thickener, a low level binder and as an emulsion stabiliser with E number E463. In pharmaceuticals it is used as a disintegrant, and a binder, in tablets [15] . They act as acceptable barriers to moisture and oxygen [16, 17] . Blends based on HPC with natural or synthetic polymers were proposed to design new materials with enhanced properties and with wide range of applications.
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Poly(ethylene glycol) is used in all applications of aqueous phase partitioning. PEG is a biocompatible and biodegradable polymer and has adhesive and flocculent properties [18] . For biochemical separations on the laboratory scale, the most commonly used aqueous phase system is composed of Dextron and PEG [19] .
In the present study HPC and PEG polymer blend solutions were prepared in water and their miscibility was studied by using viscosity, ultrasonic velocity, and refractive index measurements. By solution casting method these polymer blend films were also prepared and their miscibility studied using FTIR, DSC, X-RD, and SEM techniques. The compatibility of these polymer blends is discussed and it is concluded that the presence of hydrogen bonding groups [20, 21] in these two polymers is responsible for the polymerpolymer interactions [22] . These results are presented here.
Materials and Experimental Techniques
2.1. Materials. Hydroxypropyl cellulose (M W = 1,40,000) was purchased from Sigma Aldrich, USA, poly(ethylene glycol) (M W = 6,000) was purchased from Qualigens, Mumbai, (India) and both were used without further purification. Double distilled water having zero conductivity (distilledwater usually runs between 2 and 10 S/cm) was used as a solvent.
Preparation of Blend Solutions.
Two kinds of polymer powders (HPC and PEG) were dried in a vacuum oven for 24 hrs at 50
• C to remove the free water from the samples before use. HPC and PEG were separately dissolved in water to form 1% (w/v) solution. It is worth mentioning that in the preparation of HPC solution, the HPC powder must be slowly added to the solvent with gently stirring for about one week at room temperature to obtain a homogenous solution; otherwise HPC tends to form sticky clumps when large amounts of samples were added to the solvent. The blends of stock solutions (20/80, 40/60, 50/50, 60/40, and 80/20) of HPC/PEG were prepared by stirring the mixtures at room temperature for about 45 minutes. Using the above pure and blended stock solutions different blend solutions (0.1, 0.3, 0.5, 0.7, and 0.9 (w/v) concentrations) were prepared.
Preparation of Blend Films.
Thin films of the polymers and their blends were prepared by solution casting method. Separate aqueous solutions of HPC and PEG were prepared. A solution of HPC was added to that of PEG with constant stirring. The mixtures were stirred for 45 min at room temperature to ensure complete mixing. The total polymer concentration was kept at 1% (w/v). Stock solutions of HPC and PEG and their different blend compositions were then casted onto a Teflon-coated clean glass plate and dried using IR lamp in a dust-free atmosphere. The dried thin films were peeled off from the glass plate and were found to be transparent. The prepared thin films of pure polymers and blends were characterized using FTIR, DSC, X-RD, and SEM methods. • C using ultrasonic interferometer. The constant temperature was maintained by circulating water from a thermostat with a thermal stability of ±0.05
• C through the double-walled jacket of ultrasonic experimental cell. The experimental frequency was 2 MHz, and the velocity measurements were accurate to better than ±0.5%. The refractive indices of blend solutions with different compositions were measured directly with an Abbe refractometer (digital) with thermostated water circulation system at 30
• C. The accuracy of the refractive index measurement is ±0.02%.
Fourier Transform Infrared Spectroscopy.
Fourier transform infrared (FTIR) spectra of HPC, PVP, and their blend films were taken using Bomen MB-3000 FTIR spectrometer. Blend films were characterized at room temperature from 4000 to 400 cm −1 under an N 2 atmosphere at a scan rate of 21 cm −1 .
Differential Scanning Calorimetry. DSC curves of HPC, PVP, and their blend films of different compositions
were recorded using TA instruments Differential Scanning Calorimeter (Model: SDT Q600, USA). The analysis of samples was performed at heating rate of 20 • C/min under N 2 atmosphere at a purge speed of 100 mL/min.
X-Ray Diffraction.
The X-ray Diffraction (XRD) patterns of the blend samples were obtained with an Intel diffractometer (Paris, France) with monochromatized Cu Kα radiation (scan speed of 1
• /min in a 2θ range of 5
• -40 • ) at room temperature.
Results and Discussion

Viscosity Studies. The absolute viscosity versus concentration curves for the blends of HPC and PEG of different compositions at 30
• C in water is shown in Figure 1 . It was well established earlier by many workers [23, 24] that the variations of viscosity versus concentration of blend composition plots are linear for compatible blends and nonlinear for incompatible blends. On this basis in the present study it is noticed that absolute viscosity varied nonlinearly with the concentration of blend composition up to 40/60 HPC/PEG and linearly beyond this composition. This indicates that the polymer blends of HPC/PEG are found to be immiscible when HPC content is up to 40% and then miscible beyond this composition.
From Figure 1 , it is also observed that as the concentration of HPC increases in the blend composition, the absolute viscosity also increases. With the increasing percentage of HPC in the HPC/PEG blend, PEG can interact with several chains of HPC and can form highly cross-linked structure, which causes high solution viscosity. Further, with the increase in proportion of HPC in the blend along with crosslinking effect, the effect of hydrogen bonding between the OH groups of HPC and etheric oxygen atom of PEG also increases. These effects at higher contents of HPC of these blends lead to the high viscosity of the blends as observed in The intrinsic viscosity of HPC/PEG blends for different compositions is in between the values of pure polymers. The reasonable interpretation may be that the attractive interactions are existing between HPC and PEG in water. These attractive interactions may lead to decrease the intermolecular excluded volume effect and decrease the hydrodynamic volume. As a consequence, the HPC/PEG blend coils expand, which causes an increase of the intrinsic viscosity of HPC/PEG blends in water.
From these graphs (Figures 2(a)-2(e)), it is also clearly evident that the Huggins curves composed of two regions with varying slopes for the polymer blends up to 40/60 HPC/PEG blend composition. The change in the slope of the curve may be attributed to the mutual repulsion of macromolecules in solution which favors the polymer immiscibility up to 40% of HPC content in the blend. But later, that is, above 40% HPC content in the blend composition, the reduced viscosity versus concentration of blends shows linear variation which is an indication of mutual attraction of molecules in solution which favors the polymer miscibility. A similar observation was made by Vasanthakumari et al. [25] from their viscosity studies on miscibility of poly(2-hydroxyethylmethocrylate) and hydroxyl propyl methyl cellulose blends.
Chee and Sun Interaction Parameters.
In order to quantify the miscibility or immiscibility nature of the present polymer blend studies, the interaction parameters ΔB and μ suggested by Chee and Sun's interaction parameter α are calculated with the help of (1), (4), and (5) for the HPC/PEG blend systems in water at 30
• C and are presented in the Table 1 .
Chee suggested that the general expression for interaction parameter when polymers are mixed in weight fractions w 1 and w 2 is as follows: 
For ternary systems, the coefficient b is also given by
where b 12 is the slope for the blend solution. Using these values, Chee defined a more effective parameter as follows:
where η 1 and η 2 are the intrinsic viscosities for the pure component solutions. Recently, Sun et al. has suggested a new formula for the determination of polymer miscibility as follows:
where K 1 , K 2 and K m are the Huggins constants for individual components 1, 2 and the blend, respectively.
It is observed from Table 1 that the values of ΔB, μ, and α are negative up to 40/60 HPC/PEG blend composition and positive beyond this composition.
In general [23, 24] if ΔB, μ, and α are positive for any polyblend system, these are considered to be as miscible one whereas if these values are negative, the polyblends are considered as immiscible one. Based on this it is concluded from the present study, as per the values given in Table 1 , that HPC/PEG blend shows immiscibility when HPC content is up to 40% and then miscible beyond this composition. The probable reason for this may be that up to 40/60 HPC/PEG blends, that is, in the PEG rich content blend composition the etheric "O" atoms are responsible for H-bonding with -OH groups of HPC (Scheme 1).
H-bonding between HPC and PEG can be explained as follows. The available OH-groups of HPC are less in number up to 40/60 HPC/PEG blend; hence the hydrogen bonding possibility is less, and this may be the reason for immiscibility of these blend compositions, that is, up to 40% HPC content. Later as the HPC content increases beyond this composition more no. of HPC molecules are available and are responsible for having more no. of -OH groups which in turn gives a scope to form more H-bonding with etheric oxygen of PEG molecules. This leads to miscibility of this blend beyond 40% HPC + 60% PEG. A similar observation was reported by Ravi Prakash and Rai [26] from their work on the miscibility studies of Sodium Alginate/PEG blends in water by viscosity, ultrasonic velocity, and refractive index methods. 
Ultrasonic Velocity
of 1% (w/v) of HPC/PEG blends in water is plotted in Figures 3(a)-3(e).
It has been observed from Figures 3(a) to 3(e) that ultrasonic velocity varies nonlinearly up to 40/60 (HPC/PEG) blend composition and linearly with polymer blend concentration beyond this blend composition. It was well established [27] [28] [29] that for a miscible blend, the ultrasonic velocity varies linearly with polymer blend concentration, and for an immiscible blend it varies nonlinearly with polymer blend concentration. This indicates HPC and PEG form immiscible blend in water up to 40/60 (HPC/PEG) blend composition and miscible beyond this composition.
From these results, we can conclude that the variation of the curves relating the different acoustical parameters indicates immiscibility nature of (HPC/PEG) blend up to 40/60 HPC/PEG blend composition, and beyond this composition these blends behave as miscible. A similar observation was reported by Illiger et al. [24] from their ultrasonic investigation on compatibility of polymer blends. Figures 4(a) -4(e) that the refractive index varies non-linearly with the concentration up to 40/60 HPC/PEG blend composition, whereas it varies linearly beyond this composition. This behavior indicates that HPC/PEG blends are immiscible up to 40/60 blend composition, and beyond this composition these blends are miscible. A similar observation was reported by Basavaraju et al. in [30] case of Xanthan gum/PEO blends.
Refractive Index Studies. It is evident from
These conclusions are in good agreement with the results obtained for this blend system from viscometric and ultrasonic studies. 
Miscibility Studies of Blend Films by Characteristic Techniques
Fourier Transform Infrared Spectroscopy Studies.
FTIR spectroscopy has been widely used by many researchers to study the formation of blends [31] [32] [33] . FTIR spectrum provides information regarding intermolecular interactions corresponding to stretching or blending vibrations of particular bands, and the positions at which these peaks appear depend directly on the force constant or band strength. Hydrogen bonding or other secondary interactions between chemical groups on the dissimilar polymers should theoretically cause a shift in peak position of the participating groups. This kind of behavior is exhibited by miscible blends that show extensive phase mixing. Hydrogen bonding interactions usually move the stretching frequencies of participating groups, for example, O-H towards lower numbers usually with increased intensity and peak broadening. The shift in peak position will depend on the strength of the interaction.
The FTIR spectra of HPC, PEG, and the blends of HPC/PEG (20/80, 40/60, 50/50, 60/40 and 80/20) are shown in Figure 5 . The formation of strong hydrogen bonds between HPC and PEG was demonstrated by FTIR spectroscopy from the shifts of absorption bands showing hydroxyl stretching vibrations, which were sensitive to the hydrogen bonds formed during blending. The broad transmission bands at 3600-3100 cm −1 produced by stretching of the hydroxyl groups in the spectrum of HPC can be remarkably distinguished. It can be seen from the spectra that the peak intensity and the peak shape were clearly different, and these differences were induced by the different blend ratios. The presence of hydrogen-bond structures in some blends could be inferred from the peak shape and peak intensity of the absorption band of the hydroxyl starching vibrations in the FTIR spectra [34] . The broadband in the pure HPC spectrum at 3600-3100 cm −1 , with a maximum at 3460 cm −1 , was assigned to stretching vibrations of the -OH groups. The difference among the curves in Figure 5 , a little broadening or shifting, or a peak at 3600-3100 cm −1 was observed in the transmission band of the HPC/PEG blends when they were compared with that of pure HPC, which suggested that a relative low amount of interaction was presented between the polymers.
From Figures 5(b) and 5(c) it is clear that 20/80, 40/60 HPC/PEG blends, there is no change (or) shift in -OH stretching vibrations. In these blends as the HPC content is lower (40%) and no. of OH groups available also less to form the hydrogen bonds with etheric oxygen of PEG molecules. Hence these blends show immiscible nature. By observing (d, e, f, and g) spectrum it is clear that the hydroxyl stretching vibrations shifted to a lower wave number with increasing amounts of HPC which are responsible for formation of more hydrogen bonding interactions between the OH groups belonging to HPC and etheric oxygen belonging to PEG molecules. This leads to miscibility nature of HPC/PEG blends, where the HPC content is more than 40% in the blend compositions. From this we can conclude that for blend where the content of HPC is more than 40% they are miscible whereas the blends were the content of HPC is less than 40% they are immiscible.
Differential Scanning Calorimetry Studies.
X-Ray Diffraction Studies.
The measurement of the X-RD patters of polymer blend is also used as a criterion to determine its miscibility. If the two components have low compatibility, then each polymer would have its own crystal region in the blend films, and X-ray patterns of the sample would express as simply mixed patterns with the same ratio as those for blending. The typical X-RD patterns of PEG, HPC, and their blend compositions are shown in Figure 7 . For the pure HPC (a), there were two peaks around 2θ = 8.5
• and 44.6
• . The diffraction model of PEG (b) showed at 2θ = 19.7 and 23.9. Peak of 50/50 (c), HPC/PEG blend film is 2θ = 19.9
• and 23.9
• ; 80/20 HPC/PEG (d) blend film is 2θ = 19.5
• and 23.7
• . These peaks are similar to PEG. These evidences further concluded that strong interaction occurred between HPC/PEG molecules in the blends of 50/50 HPC/PEG and 80/20 HPC/PEG which is an indication of miscibility nature. But in case of 20/80 blend film showed 2θ = 19.4 and 44.6 which indicates that there is no interaction between HPC and PEG molecules in the 20/80 blend film; each component has shown its own crystal region in the blend film, and X-RD patterns have expressed simple mixed patterns. These evidences further concluded 
Conclusions
The miscibility of HPC/PEG blends in water has been studied by solution methods such as viscosity, ultrasonic velocity, and refractive index techniques at 30 • C. Using the viscosity data, interaction parameters ΔB, μ, and α are were computed. These values revolved that the blend is miscible when HPC content is more than 40% in the blend. This was further confirmed by ultrasonic velocity and refractive index measurements. Below this critical HPC concentration, the blends were found to be immiscible.
The prepared films of the HPC/PEG blends are also characterized for FTIR, DSC, X-RD, and SEM to support the data obtained from simple methods such refractive index, ultrasonic velocity, and viscosity.
